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Summary: Antibody-conjugated liposomes or immunolipo-
somes are particulate drug carriers that can be used to direct
encapsulated drug molecules to diseased tissues or organs. The
present review discusses examples of successful applications of
this technology to achieve drug transport across the blood-brain
barrier. In addition, information will be provided on practical
aspects such as phospholipid compositions of liposomes, anti-

body coupling technologies, large-scale production of lipo-
somes, and obstacles related to drug loading of the carrier.
Prospects of future uses of immunoliposome-based drug deliv-
ery systems such as gene therapy of the brain and clinical trials
are discussed. Key Words: Brain targeting, blood-brain bar-
rier, immunoliposomes, liposomes.

STRUCTURE OF IMMUNOLIPOSOMES

Liposomes and steric stabilization

Liposomes can be described as vesicles in which an
aqueous inner volume is entirely enclosed by a phospho-
lipid membrane bilayer. In pharmaceutical sciences, li-
posomes have been used traditionally as formulation in-
gredients to assist in formulation of poorly soluble
therapeutic agents for oral or parenteral administration.
The antibiotic amphotericin B is an example of a mar-
keted drug that makes use of this formulation principle
for intravenous infusion.' The pharmacokinetics of con-
ventional liposomes, i.e., liposomes that consist of nat-
urally occurring phospholipids and cholesterol, is char-
acterized by a very high systemic plasma clearance. Such
vesicles are rapidly removed from the circulation after
intravenous administration by macrophages of the reticu-
loendothelial system, namely the liver, the spleen, and
the bone marrow.? The liposome half-life in the circula-
tion can be prolonged considerably by incorporation of
gangliosides (such as monosialoganglioside GM, de-
rived from bovine brain®) or polyethylene glycol (PEG)
derivatized lipids within the phospholipid bilayer of con-
ventional liposomes.*~® Conventional liposomes coated
with the inert and biocompatible polymer PEG are often
referred to as sterically stabilized liposomes. The PEG
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coating is believed to prevent binding of opsonins from
physiological fluids such as plasma, which in turn avoids
the recognition by phagocytotic cells.” PEG phospholip-
ids are safe and can be prepared synthetically at high
purity and in large quantities, which has led to their
acceptance for clinical applications. Animal and human
studies® have demonstrated pronounced differences with
respect to pharmacokinetic parameters between conven-
tional and sterically stabilized PEG liposomes: in hu-
mans, pegylation of liposomes resulted in a 50-fold de-
crease in plasma volume of distribution to a value similar
to the plasma volume (from 200 to 4.5 liters), a 200-fold
decrease in systemic plasma clearance from 22 to 0.1
I/hour and a nearly 100-fold increase in area under the
time-concentration curve.” The apparent terminal half-
life of PEG liposomes reached up to 90 h in human.® The
extended circulation half-life of sterically stabilized li-
posomes in combination with an increased permeability
of tumor vasculature results in passive accumulation of
PEG liposomes in solid end-stage tumors.'® This princi-
ple of passive targeting to tumor tissue has been applied
to commercial formulations of doxorubicin used for the
chemotherapy of malignant Kaposi’s sarcoma or breast
cancer.'

Immunoliposomes

Long-circulating PEG liposomes have a minimal af-
finity to cells in vitro and nondiseased tissues in vivo and
provide therefore a biologically inert and safe platform
for the design of drug delivery systems. The organ and
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tissue distribution of the sterically stabilized liposomes
can be modulated by conjugation of an appropriate tar-
geting vector. Examples of such vectors include proteins,
peptides, and small molecules such as the vitamin folate,
which was used to target folate-receptor overexpressing
tumor cells.'>'* With respect to brain drug delivery vec-
tors, modified proteins or antibodies are used that un-
dergo absorptive-mediated or receptor-mediated transcy-
tosis through the blood-brain barrier. Examples of brain
targeting vectors include cationized albumin, the OX26
monoclonal antibody to the rat transferrin receptor, or
monoclonal antibodies to the insulin receptor.'*'>

Different types of coupling strategies have been devel-
oped to attach proteins to phospholipids or pegylated
phospholipids while preserving their biological activity.
Covalent coupling to phospholipids can be achieved us-
ing, for example, amino-reactive homobifunctional
cross-linkers.'®!” Water-soluble carbodiimides can be
used to catalyze the formation of an amide linkage be-
tween amines of the phospholipid headgroups and car-
boxyl moieties of proteins.'® Thiolated F(ab'), fragments
and maleimidated phosphatidylethanolamine'*° can be
linked by disulfide bonds. A major drawback of the
direct coupling of proteins to the liposome surface is the
observation that the PEG chains may have a strong
shielding effect that prevents the interaction between the
bound receptor ligand and its receptor.”! In a liposome
agglutination assay, as little as 0.72 mol% of PEG>*%-
phosphatidylethanolamine (PEG of molecular mass 5000
Da) completely abolished the interaction between phos-
pholipid-bound biotin and streptavidin.** The shielding
effect did also reduce target binding in vivo of immuno-
liposomes by up to 50% and was highly dependent on
PEG chain length.”® The effect of pegylation was less
pronounced or not present at PEG molecular masses of
2000 or 750 Da.

As opposed to direct coupling to the phospholipid
headgroup region on the liposome surface, ligands can be
attached at the terminus of the PEG chains (FIG. 1, A and
C). Thus, PEG is used as a spacer that results in a better
accessibility and flexibility of the vector.**~2® By this
strategy, the immunoliposome target binding efficiency
in vitro*” as well as in vivo® increases by a factor of two
to three. The PEG interactions associated with different
coupling strategies and the dimensions of an immunoli-
posome are visualized in Fig 1. The minimal size of an
unilamellar liposome is determined by the maximal tol-
erated proximity of the phospholipid headgroups im-
posed by the curvature of the inner leaflet. This minimal
size is ~80 nm for liposomes that have as main constit-
uents lecithin-analogs and cholesterol.”® Approximately
30% of the inner volume of a 80 nm liposome are occu-
pied by the phospholipid bilayer that has a thickness of
4-5 nm. The hydrophilic PEG*** corona has a thickness
of 5 nm as shown by electron microscopy.?’ By the same
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FIG. 1. Schematic representation of pegylated immunolipo-
somes where the antibody is bound directly to the liposome
surface (section A) or to the distal tip of the PEG chains (C). The
relative sizes are representative for a 80 nm liposome decorated
with PEG?°° (PEG of molecular mass 2000 Da). When attached to
the liposome surface, steric hindrance between the PEG chains in
their coiled (A) as well as extended (B) conformation and the anti-
gen-recognition site of the antibody can be expected.

technique, the apparent dimensions of an antibody are
determined to be in the range of 10-15 nm. Direct mea-
surement of PEG-tethered ligand-receptor interaction po-
tentials confirms a thickness of 5 nm for PEG**® in its
coiled state (FIG. 1A) and an overall length of an extended
PEG-2000 chain of 15 nm?® (FIG. 1B). These consider-
ations emphasize that a corona of PEG-2000 blocks sub-
stantially the access of a surface-bound antibody to its
epitope. This steric hindrance will further increase using
PEG molecules of higher molecular weights.

Different techniques have been developed for the co-
valent binding of proteins to pegylated phospholipids by
cleavable (e.g., disulfide) or metabolically stable (e.g.,
thioether, amide, or imide) linker strategies.z“’zs’w’31 In
general, the choice of a specific coupling procedure is
guided by practical considerations such as coupling ef-
ficiency and the need to retain the antigenicity of the
coupled antibody despite the introduced chemical mod-
ifications. The target recognition by the coupled antibody
may also depend on the orientation (i.e., random or de-
fined) of the antibody or a Fab’ on the liposome surface
and the resulting accessibility of the antibody binding
sites to their respective epitopes.*?

Covalent binding protocols rely in general on chemi-
cally reactive PEG-phospholipid derivatives that are part
of the phospholipid/cholesterol mix used for the synthe-
sis of the PEG liposomes. The liposomes are loaded with
drug, reduced in size and purified before the actual cou-
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pling procedure is performed by addition of the vector. The
latter may undergo a chemical modification (i.e., chemical
introduction of functional groups) before use. The disad-
vantage of such protocols is the observation that the
efficiency of the coupling procedure is very difficult to
control due to competing (hydrolytic) reactions.

In attempts to develop more reproducible and flexible
coupling procedures that may be used for the large-scale
production of immunoliposomes, alternative methods
have been introduced recently.*>~3°

Iden et al.®* developed a postinsertion technique that
involves the coupling of ligands to the terminus of PEG-
lipid derivatives in a micellar phase. At a later time point,
the ligand-coupled PEG-lipids are transferred into the
bilayers of preformed liposomes during a simple incubation
step (1 h at 60°C). The final product is purified by size-
exclusion-chromatography. Therapeutic effect, cytotoxicity
and binding of immunoliposomes made by the postinsertion
technique was comparable with the ones of immunolipo-
somes made by a conventional coupling technique.*?

We have introduced a coupling procedure that makes
use of a biotinylated PEG-phospholipid and a streptavi-
din-conjugated antibody.*> Preformed and purified bi-
otin-PEG-liposomes are thereby simply mixed with the
streptavidin-conjugated antibody to result immediately
in a quantitative coupling. The biotin-streptavidin inter-
action is among the strongest noncovalent affinities
known and is characterized by a dissociation constant of
about 1.3 X 10~ ' m. Excess binding sites on the strepta-
vidin molecule are blocked by free biotin to avoid cross-
linking and thus aggregation of the biotinylated immu-
noliposomes.

Loading of liposomes

The use of immunoliposomes as drug delivery systems
requires adequate techniques for the generation of unila-
mellar vesicles and for the encapsulation of drugs and
macromolecules. With respect to drug loading, several
methods have been described. Whereas first attempts
relied on passive entrapment methods with a low loading
efficiency, more recent methods make use of more effi-
cient strategies such as loading by transmembrane ion
gradients (i.e., a pH or specific salt gradient).

Passive entrapment can be done by hydration of phos-
pholipids and the preparation of liposomes in presence of
the molecule of interest followed by purification of the
liposomes and their separation from nonincorporated
material by gel-filtration chromatography.*® Lipophilic
or amphiphilic drugs will thereby partition into the lipid
bilayer that leads to a quantitative and efficient loading
of the liposomes. For water-soluble compounds, which
partition into the aqueous phase of the lumen of the
liposome, the amount of entrapped drug is directly pro-
portional to the initial drug concentration used in the
incubation mix and the total inner volume of the result-
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FIG. 2. Nomogram relating theoretical captured volume, diam-
eter, number, area, and lipid weight of unilamellar liposomes. To
read the nomogram, connect two known parameters by a
straight line and read off the unknown parameter where this line
intersects the third scale. The calculation is based on the as-
sumption that the phosphatidyl choline headgroup occupies an
area of the membrane bilayer of 42 A2. Note that the smallest
possible diameter for an unilamellar liposome is on theoretical
grounds 25 nm. Adapted with permission from New. Liposomes:
a practical approach. Copyright © 1990, Oxford University Press.
All rights reserved.?®

ing liposomes. The latter depends on liposome diameter,
and lipid concentration and can be related to these pa-
rameters using a nomogram (FIG. 2).>® Because the inner
volume of liposomes represents a small percentage of the
whole liposome suspension only, the efficiency of this
method is low and a considerable amount of (expensive)
material is not incorporated and therefore lost. This can
be illustrated based on theoretical considerations with the
help of the nomogram in Figure 2: liposomes with a
diameter of 100 nm that are prepared using 4 mg of
lecithin will have an outer surface of 1.2 m?. These 6 X
10" liposomes will capture a theoretical volume of as
little as 15 wl. One single 100-nm liposome will be made
up of ~150,000 phospholipid molecules assuming that
the phosphatidyl choline headgroup occupies an area of
the membrane bilayer of 42 A2,

The loss of hydrophilic biological macromolecules
such as proteins, plasmids, and enzymes during the pas-
sive loading process can be reduced using highly con-
centrated liposomal solutions. Solutions of preformed
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liposomes are thereby concentrated by ultrafiltration or
partial lyophilization. The molecule of interest is added
and incorporated into the liposomes by several freeze-
thaw cycles. The freezing and thawing is used to rupture
and re-fuse the liposomes, during which time the solute
equilibrates between the inside and outside. This method
has been used recently, for example, to incorporate DNA
into neutral liposome formulations.*” Problems associ-
ated with this method may be a poor entrapment stability
(i.e., leakage of the encapsulated molecules after dilution
and purification of the liposomes) and influences on size
and heterogeneity of the preformed liposomes.*®

The remote (active) loading of drug molecules into
preformed liposomes is generally a very efficient loading
technique and can result in a sustained incorporation of
small molecules. The underlying principle is the use of
pH or ion gradients to create an electrochemical potential
across the phospholipid-bilayer of the liposome that in
turn leads to active uptake and entrapment of a given
drug within the liposome. The gradient is generated by a
two-step process: after preparation of liposomes in a
buffer of a certain pH and ion strength, the external
medium is exchanged by size exclusion chromatogra-
phy.'#3%3% This method has been applied with success to
small, weakly basic molecules such as doxorubicin and
vincristine. Under appropriate conditions, they precipi-
tate as a gel within the liposome.*® This leads to quan-
titative uptake with incorporation efficiencies approach-
ing 100% as well as a stable retention within the
liposome. It is important to note that the use of such
liposomal formulations greatly enhances the carrying ca-
pacity of the coupled vector. For example, ~28,000
small molecules of daunomycin can be packed within a
single 100-nm liposome and can be directed to a target
tissue using just a few conjugated antibodies.*' Thus,
antibody to drug ratios of 1000 are possible using
100-nm immunoliposomes. This value is in sharp con-
trast to the 1:1 ratios obtained by individual attachment
of drugs to a targeting vector.*’

In general, the choice, the optimization, and the vali-
dation of a specific loading technique may be a complex
problem depending on the physico-chemical properties
of a given drug. To assess suitability of a liposome-based
drug delivery system for in vivo use, careful in vitro tests
should be performed to evaluate loading efficiency, load-
ing capacity and stability of entrapment upon large dilu-
tions in physiological fluids.

BRAIN TARGETING USING
IMMUNOLIPOSOMES

Pharmacokinetics and tissue distribution
Long-circulating, sterically stabilized liposomes show

minimal interactions with tissues and organs and can be

considered to be neutral and inert carriers for encapsu-
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lated molecules. Their pharmacokinetics and tissue dis-
tribution will therefore largely depend on the nature of a
coupled targeting vector. First attempts to use liposomes
for brain targeting were made using pegylated liposomes
conjugated to a murine monoclonal antibody to the rat
transferrin receptor, the OX26 monoclonal antibody.*!

The OX26 monoclonal antibody was shown before to
achieve a high degree of brain delivery. After a single
intravenous injection, 0.26% of the injected dose per
gram can be found in brain tissue at 60 min*' as a result
of both a high blood-brain barrier PS product (i.e., blood-
brain barrier permeability) as well as high plasma AUC
of the antibody. Using the internal carotid artery brain
perfusion and capillary depletion technique,*? it could be
shown that the OX26 monoclonal antibody is transported
across the blood-brain barrier by receptor-mediated
transcytosis.*>** In vivo, brain uptake of the OX26
monoclonal antibody is not inhibited by endogenous
transferrin despite the saturation of the BBB transferrin
receptor (which has a K, of 6 nm) by the micromolar
transferrin concentrations in plasma.45 In addition, min-
imal inhibition of transferrin transport by OX26 was
observed as long as the plasma OX26 concentration was
less than 10 pwg/ml, which would not be generated in vivo
unless toxic doses of the OX26 mAb were given. These
findings suggest that the antibody recognizes a binding
site on the transferrin receptor that is distant to the one of
the natural ligand transferrin.*

Conjugation of the OX26 monoclonal antibody to
sterically stabilized liposomes had a profound impact on
the pharmacokinetics and tissue distribution of the pegy-
lated liposomes.>'*® The systemic plasma clearance of
the immunoliposomes did increase by a factor of 5 and
was paralleled by a two-fold increase in volume of dis-
tribution at steady state. In contrast to pegylated lipo-
somes, the immunoliposomes did accumulate in brain
tissue. An average brain delivery of 0.03% of the in-
jected dose per gram tissue was observed at 60 min after
intravenous injection. Control experiments indicated that
brain uptake was mediated by the OX26 monoclonal
antibody because exchange of this antibody for an un-
specific IgG,, isotype antibody did eliminate the target-
ing. In addition, tissue levels of OX26 immunoliposomes
were reduced by competition with the coinjected un-
bound OX26 monoclonal antibody. Titration of the
amount of bound antibodies revealed in vivo an optimal
antibody density of 30 antibodies per 100 nm liposome.
Higher amounts of bound antibodies result in a reduction
of the steric stabilization effect of the PEG and therefore
to a poor targeting efficiency in vivo (as opposed to the
situation in vitro where such saturation effects are not
seen’®). Quite interestingly, this optimal number of ~30
vectors per liposome was also observed in experiments
where pulmonary endothelial cells were targeted in vivo
using 34A monoclonal antibody conjugated liposomes.?
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FIG. 3. B-Galactosidase histochemistry of a section of mouse
brain 48 h after a single intravenous injection of a B-galactosi-
dase expression plasmid encapsulated within a pegylated im-
munoliposome. The used targeting vector is the 8D3 monoclonal
antibody to the mouse transferrin receptor. The expression of
the exogenous gene is under the control of the brain-specific
GFAP promoter. Reproduced with permission from Shi et al.
Brain-specific expression of an exogenous gene after i.v. admin-
istration. Proc Natl Acad Sci USA 98:12754-12759. Copyright ©
2001, National Academy of Sciences. All rights reserved.*®

Several lines of evidence suggest that OX26 immuno-
liposomes accumulate in brain tissue followed by trans-
port across the blood-brain barrier and deposition within
brain parenchyma. First, the brain tissue volume of dis-
tribution of intravenously injected OX26 immunolipo-
somes increases over a 24-h period of time being indic-
ative of accumulation of OX26 immunoliposomes in
brain tissue.>' Second, transcytosis of OX26-immunoli-
posomes across rat brain capillary endothelial cells could
be shown using an in vitro model of the blood-brain
barrier that is based on immortalized RBE4 rat brain
capillary endothelial cells.*’ Third, the in situ brain per-
fusion and capillary depletion technique did confirm
transcytosis in vivo in the rat: OX26 immunoliposomes
were recovered after intravenous infusion within the
postvascular compartment of brain parenchyma. A sole
association with the apical membrane domain of the
brain microvasculature was excluded.*’ Fourth, intrave-
nous infusion in the rat of OX26 immunoliposomes car-
rying an expression plasmid encoding [-galactosidase
did result in gene expression throughout the CNS includ-
ing neurons and was not limited to the brain microvas-
culature®”*® (FIG. 3). In another set of experiment, this
nonviral gene delivery using OX26 immunoliposomes
was associated with a clear pharmacological effect re-
sulting from reversible normalization of striatal tyrosine
hydroxylase expression in a rat model of Parkinsonism.*’
Taken together, these findings clearly demonstrate trans-
cytosis of OX26 immunoliposomes across the blood-
brain barrier in vitro as well as in vivo.

Targeting of small molecules
Immunoliposome-based drug delivery systems are of
special interest for targeting of molecules that cannot be

coupled directly to a transport vector. This can be small
drugs that have to achieve micromolar concentrations in
a target tissue to have a pharmacological effect.”*>! Possi-
ble indications are the chemotherapy of neoplastic diseases
as liposomal formulations of anthracycline antibiotics are
often characterized by quantitative encapsulation and reten-
tion in liposomes.>* The first clinical application of an-
tibody-conjugated liposomes was a recent phase I trial in
oncology.>® Doxorubicin encapsulated in PEG immuno-
liposomes was administered by 1-h infusions every 3
weeks in raising dose levels to 23 patients with meta-
static or recurrent stomach cancer. The duration of the
treatment period was between 48 and 135 days. The used
targeting vector was a F(ab’), fragment of a cancer-
reactive human monoclonal antibody (GAH), which
showed high binding (with a positive ratio of >90%) to
cells obtained from cancerous stomach tissues.* The
antibody was grafted by a postinsertion method to the
surface of PEG liposomes. Stable disease (but no anti-
tumor response) was observed in 10 of 18 evaluable
patients with a tolerance similar to Doxil, a doxorubicin
formulation based on pegylated liposomes.” This study
is an impressive demonstration of the technical feasibil-
ity of the clinical application of antibody-conjugated li-
posomes. However, the pharmacological efficacy of this
particular design of immunoliposomes (where the anti-
body was conjugated to the surface of the liposome and
not to the tip of the PEG-5000 chains) remains to be
shown.

In addition to therapeutic applications, a possible fu-
ture use of immunoliposomes might include their use as
diagnostic tools to localize, for example, tumor tissue>®
or amyloid plaques in Alzheimer’s disease.”’® Such
applications rely on brain delivery of quantitative
amounts of contrast agents such as magnetoferritin® or
gadolinium.®® Recent in vivo studies using a C6 glioma
rat brain tumor model indicate that liposomal gadolinium
might indeed be used for the visualization of tumor tissue
by in vivo magnetic resonance imaging (MRI).®' In this
study, gadolinium-loaded liposomes were delivered to
tumor tissue by convection-enhanced delivery, an inva-
sive technique where drugs are infused under pressure
into brain white matter.%>

Gene targeting

Controlled gene delivery to the brain is a potential
strategy to treat diseases of the CNS. However, direct
intracerebral implantation of a therapeutic gene by
means of a viral vector, such as adenovirus or herpes
simplex virus, provokes an inflammatory response and
demyelination in many animals and virtually all hu-
mans.®>® The incorporation of DNA in the interior of
stealth immunoliposomes would therefore inhibit such
immune reactions due to viral antigens and, additionally,
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prevent supercoiled plasmid DNA from degradation by
ubiquitous nucleases in vivo.

Complexes between cationic lipids and DNA are often
used to transfect cultured cells or tissues. An application
of this technology for in vivo gene delivery is problem-
atic because DNA-cationic liposome form micrometer-
scale aggregates, particularly at lipid to DNA ratios
where the overall charge of the complex is neutral.®> As
a consequence, their pharmacokinetics and tissue distri-
bution is characterized by a very short plasma half-live
(e.g., a few minutes in the mouse) and an unspecific
accumulation in different organs.®® Microautoradiogra-
phy of tissue samples at 24 h after injection of cationic
lipid-DNA complexes revealed uptake of expression-
plasmid DNA in cells of the reticuloendothelial system,
i.e., alveolar macrophages, hepatic Kupffer cells, and
macrophages of the spleen. DNA uptake per tissue was
in this as well as in other studies significantly higher in
lung (up to 1’000 fold) than in liver or spleen.®’ It is
tempting to speculate that the efficient transfection of
lung tissue might be a direct consequence of quantitative
first-pass filtration of particulate DNA-lipid aggregates
in the lung.

An alternative to DNA/cationic liposome complexes is
the use of neutral liposome formulations. The DNA is
thereby encapsulated within the liposome. The neutral
liposome can be pegylated and subsequently coupled to
a targeting vector. Such a targeted gene delivery system
is characterized by a high stability of the encapsulated
DNA under physiological conditions and a prolonged
circulation half life in vivo.””®® Several studies have
demonstrated that exogenous gene expression in the
brain can be achieved using such a gene-delivery system:
Shi et al.>”% incorporated an expression plasmid coding
for either -galactosidase or luciferase in the interior of
pegylated OX26-immunoliposomes. In vivo gene expres-
sion was shown at 2-6 days after a single intravenous
administration (FIG. 3).

The tissue specificity of gene expression in a given
target tissue (e.g., the brain) can be further enhanced by
the combined use of such a gene targeting technology
and tissue-specific gene promoters. In a recent study,*®
B-galactosidase exogenous expression plasmids under
the control of either the unspecific simian virus 40
(SV40) promoter or by a brain-specific promoter (taken
from the 5’ flanking region of the GFAP gene), were
incorporated in pegylated immunoliposomes and in-
jected intravenously into mice. The used targeting vector
was a monoclonal antibody against the mouse transferrin
receptor (8D3 mAb). The expression in mice of the 3-ga-
lactosidase gene was restricted to brain tissue in exper-
iments where the [3-galactosidase gene was under the
control of the brain-specific GFAP promoter (FIG. 3). In
contrast, immunoliposomes loaded with expression plas-
mids controlled by the unspecific SV40 promoter caused
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B-galactosidase expression in all transferrin receptor rich
organs, e.g., brain, liver, spleen, and lung.

Several studies indicate that gene expression in brain
after immunoliposome-based gene therapy may translate
to pharmacological effects in vivo. OX26 immunolipo-
somes were used to normalize tyrosine hydroxylase ac-
tivity in an animal model of Parkinson’s disease,* which
did result in reversal of apomorphine-induced rotation
behavior in 6-hydroxydopamine-lesioned rats. In another
study, the immunoliposome-mediated gene targeting
technology was used for brain delivery of a therapeutic
gene in a human brain tumor model consisting of scid
mice implanted with intracranial U87 human glial brain
tumors.”® The expression plasmid did encode a short
hairpin RNA directed at a nucleotide sequence within the
human epidermal growth factor receptor (EGFR). The
used targeting vectors were the murine 83-14 mAb to the
human insulin receptor and the rat 8D3 mAb to the
mouse transferrin receptor. This intravenous RNA inter-
ference gene therapy resulted in silencing of EGFR ex-
pression in tumor cells both in vitro as well as in vivo
leading to a significant increase in survival time of mice
with implanted brain tumors. The pharmacological effect
on brain cancer cells in vivo provides evidence that mac-
romolecules such as plasmid DNA can be delivered
across consecutive series of biological barriers that in-
cluded in the discussed gene therapy studies the blood-
brain barrier, the plasma membrane of the target cells
within the brain tissue and the nuclear membrane.”!

PERSPECTIVES

Multifunctional liposomes and intracellular
targeting

Long-circulating pegylated liposomes can be seen as a
starting point for the design of multifunctional drug car-
rier systems. The properties of such targeted liposomes
can be modulated and adopted to different needs by the
combination of different types of vectors and enzymes
bound to the liposome surface. Previous reports describe
the design of immunoenzymosomes, i.e., immunolipo-
somes bearing enzymes on their surface that catalyze the
conversion of prodrugs into active parent compounds.’?
Vingerhoeds et al.”® used a B-glucuronidase bearing en-
zymosome drug targeting system, directed against ovar-
ian carcinoma cells by F(ab’), fragments of the mouse
monoclonal 323/A3 antibody. This antibody recognizes a
surface glycoprotein on a variety of carcinomas. After
binding of immunoenzymosomes to the target cells, the
prodrug is administered and converted into the active
drug in close proximity of the tumor cell. The density of
the enzyme is thus increased substantially at the target
cell surface using such a liposome-based targeting strat-
egy. This is in particular valuable for tumors with little
antigen expression.
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A strategy to enhance intracellular release of liposomal
drugs is the use of pH-sensitive liposomes. Such liposo-
mal formulations release their contents spontaneously in
an environment with a decreased pH. Liposomes encoun-
ter such changes in pH during the process of receptor
mediated endocytosis as the pH in the endosomal com-
partment is characterized by a pH of ~5.5.7* Destabili-
zation of the liposomal membrane can be induced by
bound amphiphilic peptides that adopt an a-helical con-
formation in an acidic environment’ or the use of mix-
tures of cationic and ionizable anionic lipids.”® Such
pH-sensitive liposomes are typically prepared from mix-
tures of dioleoylphosphatidylethanolamine (DOPE),
which adopts a non-bilayer inverted hexagonal (Hy;)
phase in isolation, and a ionizable anionic lipid such as
cholesterolhemisuccinate (CHEMS). In its negatively
charged form at elevated pH values, CHEMS stabilizes
the DOPE in its bilayer organization. Protonation of the
CHEMS at pH values below its pK abolishes its stabi-
lizing effect leading to membrane inversion, membrane
fusion and the release of entrapped substances into the
liposome-surrounding compartment.”’ This technology
can be applied both to conventional liposomes as well as
long-circulating, sterically stabilized liposomes.”®

Liposomes can be decorated with two or even more
different peptidomimetic antibodies or targeting frag-
ments to increase liposomal delivery of an incorporated
drug or plasmid DNA to both extracellular epitopes as
well as intracellular compartments. For example, one
vector might be responsible for brain tissue targeting and
another for inducing cellular uptake or intracellular
transport. This strategy is based on the observation that
some antigens may be attractive targets in terms of pat-
terns of expression, yet, they are poor at delivering their
cargo (e.g., DNA) to the appropriate cellular (e.g., nu-
clear) Compartment.34

Zhang et al.”’ investigated a delivery system with li-
posomes coupled to two different antibodies that target
the mouse transferrin receptor and the human insulin
receptor. Injected into mice implanted with human glial
brain tumors, the mouse transferrin receptor enables
transport across the tumor vasculature (which is of
mouse brain origin), and the insulin receptor causes
transport across the plasma membrane and the nuclear
membrane of the human brain cancer cell.

In another set of experiments,** liposomes were linked
to a first antibody to the transferrin receptor and a second
antibody specific for E-selectin. Targeting of the trans-
ferrin receptor offers a rapid internalization of the lipo-
somal complex by receptor-mediated endocytosis. Tissue
selectivity of the immunoliposomes is thereby enhanced
by the antibody against E-Selectin, which exhibits a dis-
tinct and endothelial-selective pattern of expression.

Clinical use of immunoliposomes

Recent phase I clinical trials with immunoliposomes
demonstrate that liposome-based targeting technologies
have the potential to find their way from the bench to the
bedside. Formulations of pegylated liposomes have been
on the market for many years. We have now the tech-
nologies at hand (using efficient coupling strategies for
vectors such as postinsertion techniques®® and biotin-
streptavidin coupling strategies®) to expand the use of
such liposomal formulations to the targeted delivery of
drugs to organs and tissues. Once produced, liposomal
formulations should be applied immediately or within
short periods of time to minimize leakage of the liposo-
mal content. As discussed earlier, remote loading tech-
niques are available for selected drugs that are charac-
terized by high loading efficiencies and a stable retention
of the transported drug within the liposomal carrier.
However, loading of peptides, plasmids and DNA is in
general still problematic and expensive due to the low
efficiency of entrapment.

Lyophilization may be a possibility to stabilize lipo-
somal formulations and to minimize their storage in a
dissolved and diluted state. A formulation kit for doxo-
rubicin composed of lyophilized liposomes was devel-
oped recently by Stevens et al.** providing a strategy to
expand the shelf-life of liposomal formulations.

With respect to brain targeting of liposomes, the suc-
cess of this as well as any other physiological and non-
invasive brain targeting strategy will depend on the
availability of efficient and brain-specific targeting vec-
tors. As of today, there does not exist an ideal brain
vector. Such a molecule would have to recognize a target
that is expressed exclusively at the brain capillary endo-
thelium, would not compete with endogenous ligands,
and would be transported with high efficiency across the
blood-brain barrier by receptor-mediated transcytosis.
The transferrin receptor, to name a well-characterized
example, is expressed in several other organs than the
brain. As a consequence, targeting of immunoliposomes
coupled to antitransferrin receptor antibodies is not con-
fined solely to the brain. Other organs such as the liver*®
or skeletal muscle® are recognized as well. It is therefore
tempting to speculate that in the future the design of
immunoliposomes using alternative brain delivery vec-
tors (such as antibodies directed at the insulin recep-
tor)®®7® might allow for higher targeting efficiencies
bringing this technology to its full potential.
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